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Abstract

Throughout the 20th century a body of literature concerning the long lasting effects of early

environment was produced. Adverse experiences in early life, or early life stress (ELS), is

associated with a higher risk for developing various psychiatric illnesses. The mechanisms driving

the complex interplay between ELS and adult phenotype has baffled many investigators for

decades. Over the last decade, the new field of neuroepigenetics has emerged as one possible

mechanism by which ELS can have far reaching effects on adult phenotype, behavior, and risk for

psychiatric illness. Here we review two commonly investigated epigenetic mechanisms, histone

modifications and DNA methylation, and the emerging field of neuroepigenetics as they relate to

ELS. We discuss the current animal literature demonstrating ELS induced epigenetic modulation

of gene expression that results in altered adult phenotypes. We also briefly discuss other areas in

which neuroepigenetics has emerged as a potential mechanism underlying environmental and

genetic interactions.
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Introduction

Visionary psychologists of the 20th century produced findings that prompted a movement of

research demonstrating that early life experiences help shape an individual’s development

into maturation. At the turn of the 20th century, pioneering psychologist Gates (1904)

referred to early life experiences mediating brain development as a “process of brain-

building”. A few decades later, Hebb (1947) found that cognitive performance in rats was

enhanced by different, particularly more enriched, rearing environments. The next decade

produced literature from Dennenberg’s lab demonstrating a lasting neuroendocrine effect of
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early life handling in rodents (Levine et al., 1967). Around the same time, Harlow

demonstrated that the quality of maternal care had long lasting detrimental effects on

behavior in non-human primates (Harlow et al., 1965). Meaney (1985) elaborated on

Dennenberg’s findings by establishing a relationship between early handling and adult

hippocampal glucocorticoid receptor expression. Meaney expanded upon this work in a

seminal paper (Plotsky and Meaney, 1993) in which a group with extended maternal

separation was added. Soon afterwards, it was discovered that maternal care, specifically

licking, grooming, and arch back nursing (LG or LG-abn), was driving the differences seen

in handling groups (Liu et al., 1997). The majority of rodent paradigms modeling early life

stress used today are modified versions of paradigms based on this collection of work.

Exposure to early life stress (ELS) such as traumatic events, abuse, and neglect is highly

related to health in adulthood. Multiple variables within the home such as parenting style

and the quality of the parent/child relationship can affect a child’s physical and intellectual

development (Anda et al., 2006; Bremne & Vermetten, 2001; Lovallo et al., 2012;

Schimmenti & Bifulco, 2013). For example, in individuals with a history of ELS, there is an

increased risk for the development of physical illnesses such as obesity, diabetes, seizures,

and cardiovascular diseases (Gluckman et al., 2008; Gunstad et al., 2006; Huang, 2014).

Furthermore, ELS is a risk factor for the development of various psychiatric illnesses such

as personality disorders, major depression, post-traumatic stress disorder, addictive

disorders, and schizophrenia (De Bellis, 2002; Pechtel & Pizzagalli, 2011; Teicher et al.,

2003). Additionally, aggressive and suicidal behaviors are strongly associated with ELS

(McEwen, 2003). It is clear that the consequences of ELS are highly detrimental to the

individual and his/her family, and affect societies worldwide (De Bellis & Zisk, 2014).

Understanding the neural underpinnings of the relationship between ELS and the mental

health of the victims is of great value in the pursuit of possible treatment and intervention.

One way to achieve this is via investigation using animal models. In the rat, it is well known

that ELS is profoundly impactful because neurological development is plastic during this

time. In one example, rat pups undergo a stress hyporesponsive period (SHRP) during the

first two weeks of life that is considered necessary for normal neurodevelopment (Levine,

1994). The critical period of the two week SHRP is the common time point in which ELS is

induced in rodent research. There may be a similar sensitive period in human infants

(Gunnar & Donzella, 2002). Preclinical studies show that stress hormones are abnormally

elevated during the SHRP when maternal care is disrupted. Exposing the developing brain to

stress and stress hormones during the SHRP period causes a multitude of neurobiological

changes. Rats exposed to stress during the SHRP demonstrate alterations in monoaminergic

systems, as well as the primary excitatory and inhibitory neurotransmitter systems and

neuroendocrine stress responses in adulthood (Meaney, 2001).

The deleterious effects of ELS on neurodevelopment are abundant, yet many questions have

gone unanswered for decades. How does an experience early in life effectively change the

development of a complex system such as the brain? Why do some but not all who

experience ELS develop illnesses in adulthood? Recent evidence has suggested epigenetics

as a possible mechanism to answer these and many other questions. One of the leaders of the

field, Sweatt (2013), provided a graphical representation of the increase in epigenetics
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research over the last 15 years in an eloquent discussion of the topic. Within this influx of

research is an impressive body of literature demonstrating that DNA methylation and

histone modifications in neuronal cells are modulated by experiences, both in early life and

adulthood. This new field, referred to as ‘neuroepigenetics’ (Sweatt, 2013) or

‘neurobehavioral epigenetics (Lutz & Turecki, 2013), indicates that a myriad of external

factors including nutritional status, education and socioeconomic status (SES), exposure to

environmental toxins and drugs of abuse, withdrawal from chronic drug intake, and stress

can all influence epigenetic regulators of gene expression in the central nervous system.

Gene expression in turn influences behavior, phenotypes, and vulnerability to various

psychiatric illnesses. This interactive view of behavior was championed by Kuo (1967)

when he criticized the commonly narrow interpretations and grossly over-simplified

generalizations of behavior by different schools of psychology. He particularly stressed this

issue when evaluating social species, arguing that behavior is a dynamic functional product

of a bidirectional relationship between organism and the environment.

In this article we review the recent literature concerning the effects of ELS on the

epigenome later in life. The concept that our adult genetic profile is shaped in part by

earliest experiences is an innovative paradigm shift from traditional views of

neurodevelopment (Sweatt, 2013). It also addresses the long-standing debate of nature

versus nurture in the field of psychology; it is no longer nature versus nurture, but now it is

undeniably nature and nurture that determine the sum of the complex indivizual.

Epigenetic mechanisms

The word “epigenetics” comes from the Greek root ‘epi’ meaning ‘above’, ‘over’, or ‘in

addition to’. This refers to the regulation of gene expression outside of genomic information

in the DNA nucleotide sequence (Biliński et al., 2012). In 1942, the developmental biologist

Waddington introduced this term, and the ‘epigenetic landscape’, to explain the process by

which multicellular organisms develop different phenotypes independent of their identical

genome (Waddington, 1942). Through activation and repression of specific genes, cells

develop distinct phenotypes such that a liver cell is distinct from a muscle cell and so forth.

The epigenetic cellular profile is then inherited by the daughter cells and is maintained

through cellular division; thus liver cells remain liver cells and muscle cells remain muscle

cells for the lifespan of the organism. This traditional definition of epigenetics included

‘heritability’ as a qualifier. In the most recent decades it has become apparent that post-

mitotic cells, such as neurons, go through rapid dynamic processes that modulate gene

expression (Narayan & Dragunow, 2010; Renthal & Nestler, 2008; Roth et al., 2012;

Tsankova et al., 2007). Yet, these epigenetic markers are not heritable either in a procreative

or mitotic fashion. Hence the term ‘epigenetics’ and the debate over its accurate definition

spans many disciplines (Ho & Burggren, 2010).

There are numerous epigenetic mechanisms, but the most commonly studied are post-

translational modifications to histones and DNA methylation (Figure 1). Other mechanisms

such as non-coding RNAs (e.g., microRNAs and others), prion proteins, and histone

remodeling, though emerging as relevant processes, are beyond the scope of this review.

Briefly described here are the mechanisms underlying post-translational histone
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modifications and DNA methylation in regulating gene expression. (For readings on other

epigenetic mechanisms please see other reviews: Bannister & Kouzarides, 2011; Cohen et

al., 2011; Strahl & Allis, 2000; Sweatt, 2013; Zheng & Hayes, 2003).

Histone modifications

Eukaryotic DNA is packaged into chromatin that consists of units known as nucleosomes,

which are comprised of the DNA double helix wrapping around a protein complex made of

eight histones. Chromatin can exist in the form of heterochromatin or euchromatin (Tamaru,

2010). In the heterochromatin state, the DNA is tightly packaged which blocks

transcriptional machinery and silences gene expression. In contrast, euchromatin is more

loosely packaged, permitting gene transcription. Histone complexes are protein octamers

with 2 copies each of histone H3, H4, H2A, and H2B. Histone variants such as H2A.Z and

H3.3 have been associated with replacement of the typical histone proteins during

transcription and chromatin structure (Henikoff et al., 2004). The double-stranded DNA

helix is wrapped around the histone octamer ~1.5 times, equivalent to ~147 base pairs, and

histone H1 serves as a connector histone between nucleosomes (Thoma et al., 1979).

Histones have protruding N- and C-terminal tails in which specific amino acids undergo

covalent post-translational modifications, of which the most commonly studied are

methylation, acetylation, and phosphorylation (Bode & Dong, 2005; Kouzarides, 2007;

Morales et al., 2001).

Histone modifications regulate chromatin structure in various ways, including the

recruitment of remodeling enzymes and altering the overall charge of the histone protein.

Histone phosphorylation state is regulated by kinases and phosphatases that add or remove

phosphate groups, respectively, significantly altering the overall charge of the histone,

which in turn influences chromatin structure. Histone phosphorylation is associated with

both transcriptional repression and activation. Histone methylation and acetylation are by far

the most studied modifications of these proteins. Histone acetylation is regulated by histone

acetyltransferases (HATs) and histone deacetylases (HDACs). Histone acetylation at lysine

(K) residues is generally associated with euchromatin and is permissive of gene expression

(Bode & Dong, 2005; Kouzarides, 2007; Morales et al., 2001).

Histone methylation was traditionally thought to be a static process, but it is now widely

accepted as being dynamic (Bannister & Kouzarides, 2005; Bannister et al., 2002). Histone

methyltransferases (HMTs) regulate the complexity of histone methylation; lysine residues

can be mono-, di-, or tri-methylated and arginine (R) residues can be mono- and di-

methylated (either symmetrically or asymmetrically). Methylation is different from

acetylation and phosphorylation since it does not change the overall charge of the

nucleosome. Unlike acetylation, methylation is associated with both transcriptional

activation and repression, which are dependent on various factors including the specific

histone subunit, residue, and methylation state. Furthermore, the overall ‘histone code’ or

histone ‘crosstalk’ between modifications and DNA methylation makes for an almost

infinite level of possible gene expression regulatory processes (Ben-Porath & Cedar, 2001;

Kondo, 2009).
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DNA methylation

Most eukaryotic cells contain methylated DNA that is distributed across the genome,

referred to as global methylation (Bird, 2002). In mammals, DNA methyltransferases

(DNMTs) mostly target a 5’ cytosine (C) adjacent to guanine (G) on the same strand (i.e.,

not complementary C–G base pairing), which is also referred to as a CpG dinucleotide site,

although there are exceptions. Regions of DNA with greater than ~55% CpG site content are

referred to as CpG islands and tend to appear around promoter regions, with ~40% of genes

having CpG islands in their promoter sequences (Miranda & Jones, 2007). It is estimated

that the human genome has ~29,000 CpG islands (Bird, 2002). Methylation of CpG sites is

associated with gene silencing in cell fate determination, genomic imprinting, and X

chromosome inactivation, although many genes with unmethylated CpG sites can also be

silenced. DNA methylation is stable and inherited by daughter cells after division even when

histone modifications are not, thus maintaining the same gene expression patterns that lead

to cell type determination and perpetuation. DNA methylation represses gene transcription

on a multitude of levels: by inhibiting transcription factor access; by attracting

methylcytosine-binding proteins (MBDs), one of the most commonly studied being methyl-

CpG-binding protein 2 (MeCP2); and by recruiting protein complexes that contain other

repressors and chromatin remodelers such as HDACs and HMTs (Jones et al., 1998). DNA

methylation may also influence nucleosome occupancy over promoter sites and prevent gene

activation (Miranda & Jones, 2007). The notion that DNA methylation patterns in the central

nervous system and germ cells are highly dynamic is now widely accepted (Bohacek et al.,

2013; Ho & Burggren, 2010; Jiang et al., 2008; Kovalchuk, 2012; Miller & Sweatt, 2007;

Roth et al., 2009). Methylation patterns may be “rapid and reversible” by various

mechanisms, allowing for previously methylated CpG sites to become de-methylated and

vice versa. (For reviews on several proposed mechanisms of active DNA demethylation

please see: Klengel et al., 2014; Ooi & Bestor, 2008).

Animal models of ELS

There is abundant literature investigating the lasting neurobiological and behavioral effects

of ELS during the SHRP in rodents. Within this body of literature, there are multiple

paradigms, including maternal separation, maternal deprivation, naturally occurring low

levels of maternal behavior, and brief exposure to an abusive female. In this review, we will

discuss the literature derived from three primary rodent models of ELS. First, within the

maternal separation/deprivation paradigms, modeled after Plotsky and Meaney’s (1993)

original paradigm, there is an unfortunate amount of variability in various parameters,

including manipulation of litter composition, cross-fostering, number of days of separation,

time and length of separation, separation environment, day of weaning, and housing

conditions during adolescence. The appropriate control group to use has also received

considerable debate (Matthews et al., 1999, 2001). In general, the adult phenotype of pups

exposed to ELS consists of a hyperactive HPA axis, increased anxiety-like and depressive

behaviors, increased drug intake, a compromised immune system, and alterations in

monoaminergic systems (Ladd et al., 2000; Lippmann et al. 2007; Meaney, 2001). Second,

Meany and colleagues went on to postulate that the change in adult offspring phenotype

after maternal separation was due to a change in maternal behavior (Liu et al., 1997). This
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spurred an investigation into the natural variation of maternal care, which led to another

paradigm to investigate the effects of early life experiences. In this paradigm, maternal care

is coded daily in order to define which litters receive high maternal care in the form of

licking, grooming, and arch-back nursing (designated “H-LG” for high licking and

grooming) or low maternal care (designated “L-LG” for low licking and grooming) (Liu et

al., 1997). Adult offspring receiving L-LG maternal behavior develop similar phenotypes as

pups exposed to separation/deprivation procedures. A third, more recently developed ELS

paradigm, pioneered by Roth et al. (2009), exposed pups to a stressed female who displayed

abusive behaviors (discussed in more detail below). For descriptions of other less frequently

used ELS rodent paradigms, please see Lutz and Turecki (2013). A consistent phenomenon

across these three paradigms is the disruption of maternal care during the SHRP (see above),

followed by the evaluation of effects in adulthood. Since much of this literature focuses on

the effects of ELS on the hypothalamic-pituitary-axis (HPA) stress response, we will briefly

review the neurobiology of this system.

The HPA response is initiated by either a real or perceived stressful stimulus activating the

cells in the paraventricular nucleus (PVN) of the hypothalamus that project to various limbic

brain regions. The parvocellular projections of the PVN secrete corticotrophin-releasing

factor (CRF, or sometimes CRH for corticotrophin-releasing hormone) and arginine

vasopressin (AVP) via the median eminence into the anterior pituitary. CRF and AVP in the

anterior pituitary stimulate the synthesis and release of adrenocorticotropic hormone

(ACTH) into circulation. ACTH in the blood stream acts on the adrenal cortex to initiate the

synthesis and release of glucocorticoids (GC) (primarily cortisol in humans and

corticosterone in rodents, collectively referred to as CORT) into the circulation. GCs in the

systemic circulation then act upon cytosolic and plasma membrane receptors, most notably

glucocorticoid and mineralocorticoid receptors (the latter also known as aldosterone

receptors). GCs regulate the termination of the stress response via a negative feedback loop

both directly and indirectly in the central nervous system.

We will now review the current literature that has utilized these paradigms to investigate

epigenetics as a mechanism by which ELS influences adult phenotype and psychiatric

vulnerability (Table 1). Additionally, we will briefly survey recent human and non-human

primate studies that complement this work.

ELS and epigenetic effects

Glucocorticoid receptor (Nr3c1)

The most extensively studied effect of ELS and epigenetics is of the GC receptor gene

(nuclear receptor subfamily 3, group C, member 1, or Nr3c1). In a ground-breaking study by

Weaver et al. (2004) it was shown that variation in maternal care altered methylation of

exon 17 of the GC receptor (GR) promoter in hippocampal neurons. More specifically,

maternal care was associated with variations in methylation of a specific CpG site in which

the immediate early gene nerve-growth factor inducible protein A (NGFI-A) binds DNA as

a transcription factor, altering GR expression levels in the hippocampus. A change in GR

expression then influences HPA axis function and the negative feedback loop that plays a

role in terminating the stress response (see above). This initial research was highly
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influential because it demonstrated for the first time a relationship between ELS-altering

epigenetic markers that in turn alter protein expression that directly affects

neurophysiological systems that are implicated in psychiatric disorders. Multiple

laboratories have continued research investigating the effects of ELS on epigenetic

regulation of the Nr3c1 gene. This avenue of research continues to be promising, although

some have failed to replicate Weaver’s initial findings (Daniels et al., 2009; Kember et al.,

2012). This could be due to different ELS paradigms, or different rodent species or strains

utilized. As others have demonstrated, the effects of ELS on epigenetic regulation of the GR

gene are complex and dependent on multiple factors, including the strain genetic

background, litter composition, sex, cell type, and brain region of interest (Kember et al.,

2012; Kosten et al., 2013; Kundakovic et al., 2013; Liberman et al., 2012; McGowan et al.,

2011). Interestingly, acute and chronic stress in adult rats does not mimic the change in

methylation patterns of the Nr3c1 gene as observed after ELS, demonstrating the importance

of the developmental window in this phenomenon (Witzmann et al., 2012).

The similar adult phenotypes observed in rodents and humans with a history of ELS has

long suggested that the underlying mechanisms may be conserved across species.

Accordingly, McGowan and colleagues were the first to investigate a relationship between

ELS and epigenetic regulation of the GR gene in humans, assessing methylation of Nr3c1

exon 1F, which is the human homolog of rat exon 17 (McGowan et al., 2009). Postmortem

hippocampal tissue from suicide completers with a history of abuse was evaluated. Increased

DNA methylation was found at specific CpG sites in exon 1F of the Nr3c1 promoter in

suicide victims with a history of ELS, compared to controls and suicide victims without a

history of abuse. The increased DNA methylation was related to decreased rates of GR

expression. Other groups have extended this work by demonstrating a relationship between

ELS and methylation status of the Nr3c1 gene, with both increased and decreased

methylation states for different GR transcripts (Labonté et al., 2012; Perroud et al., 2011;

Steiger et al., 2013; Suderman et al., 2012; Tyrka et al., 2012). The functional impact on the

HPA axis and adult behaviors of these epigenetic alterations begs further investigation.

While the previous data concerning ELS epigenetically modulating the GR gene is

intriguing, McGowan et al. (2011) argued for the importance of broadening the investigative

scope of this work, as ELS affects numerous systems and behaviors into adulthood. In this

latter study, a ~7 million base pair locus around the GR gene in the rat hippocampus was

examined, and findings revealed that maternal care influenced DNA methylation in non-

promoter regions in non-random, gene-specific and bi-directional manners.

AVP

AVP is a hormone involved in HPA regulation, and also in depression (London et al., 1997).

Murgatroyd et al. (2009) found that mice exposed to ELS had decreased methylation of the

Avp enhancer and increased AVP expression in the PVN as adults. It is likely that the

decrease in methylation in adulthood was due to reduced MeCP2 occupancy at the Avp

enhancer (see above) during ELS. ELS activates HPA circuits that trigger phosphorylation

of MeCP2 and its release from methylated DNA. This leads to lifelong hypo-methylation

and overexpression of AVP in the PVN. This functional consequence of epigenetic

regulation was associated with a hyperactive stress response as it was partially reversed by
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treatment with an AVP V1b receptor antagonist. Additionally, ELS modulates methylation

patterns of the Avp gene in the hippocampus (Kember et al., 2012) and DNA methylation of

other HPA regulatory genes. For example, increased mRNA expression of the pituitary pro-

opiomelanocortin (Pomc) gene after ELS was associated with a decrease in DNA

methylation (Wu et al., 2014). Clearly, the interaction between ELS and epigenetic markers

is exceedingly complex, dynamically modulating the HPA axis via multiple avenues in

multiple brain regions throughout development.

BDNF

Brain derived neurotrophic factor (BDNF) is a protein belonging to the neurotrophin family

of growth factors, and its gene Bdnf is another affected by ELS. Roth et al., (2009) used a

novel paradigm targeting the effects of abuse during postnatal days 1 – 7. Rat pups were

exposed to a stressed female that displayed multiple abuse behaviors, including rough

physical contact and active avoidance. In adulthood, these rats showed increased DNA

methylation of the BDNF gene in the prefrontal cortex (PFC) and decreased BDNF

expression. The DNA methylation status and expression levels of BDNF in the PFC were

rescued by chronic intracerebroventricular treatment with a DNMT inhibitor. BDNF has

emerged as having somewhat of a ubiquitous role in brain functioning, and is implicated in

various diseases, including depression, stroke, Alzheimer’s, and addictive disorders (Biliński

et al., 2012; Nagahara & Tuszynski, 2011). Thus, evidence that ELS can trigger BDNF

expression changes in adulthood has immense implications concerning vulnerability towards

the development of these disorders.

5-HT (Slc6a4)

The serotonin system is also highly involved with emotion regulation and various

psychiatric illnesses such as major depression, autism, and addictive disorders (Uaswani et

al., 2003). Variation in the serotonin transporter (5-HTT) gene (solute carrier family 6,

subfamily a, member 4, Slc6a4) moderates individual reactions to stress and potential risk

for development of psychiatric illness (Caspi et al., 2003; Kendler et al., 2005), and

determines clinical responsiveness to certain antidepressants (Kim et al., 2000). ELS

influences the development of the serotonergic system, and this regulation may be

epigenetically determined (Beach et al., 2010; Vijayendran, Beach et al., 2012). In non-

human primates, higher levels of methylation of the Slc6a4 gene has been associated with

higher stress reactivity in females exposed to ELS but not controls (Kinnally et al., 2011).

Another study conducted in adopted humans demonstrated that DNA methylation levels and

the specific 5HTT allele (long or short) interact to influence psychological coping with loss

and trauma (IJzendoorn et al., 2010). These data highlight the complex interaction of

genetics, epigenetics, and ELS in shaping individual characteristics.

GABA and glutamate

ELS also affects the major excitatory and inhibitory neurotransmitter systems, glutamate and

GABA, respectively (Bagot et al., 2009; Meaney, 2001) in part via epigenetic mechanisms.

Low maternal care was associated with an increase in DNA methylation of the promoter

region of the GAD1 gene in the hippocampus of adult rats (Zhang et al., 2010). The GAD1
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gene codes for glutamic acid decarboxylase (67 kDa isoform), the rate limiting enzyme of

GABA synthesis. Methylation status of the GAD1 promoter in postmortem tissue samples

has been associated with schizophrenia (Zhang et al., 2010), implicating a potential

mechanism by which ELS may confer vulnerability to this disease. These findings, along

with those showing that ELS induced long-term alterations in GABAA and central

benzodiazepine (CBZ) receptor subunit profiles in the hippocampus (Meaney, 2001), paint

an intriguing picture as to the wide scope in which ELS can modify brain systems.

Furthermore, recent studies from Bagot et al. (2012), demonstrate that ELS epigenetically

affects hippocampal long-term-potentiation and depression through regulation of a

glutamate receptor gene. High maternal care was associated with a decrease in DNA

methylation and increased levels of histone 3 lysine 9 acetylation and histone 3 lysine 4

trimethylation of the gene coding for the type 1 metabotropic glutamate (mGluR1) receptor

(Grm1) in the hippocampus of adult offspring. Accordingly, these animals displayed an

increase in both mRNA and protein levels of the mGluR1 receptor (Bagot et al., 2012).

Collectively, these data implicate epigenetic regulation as a mechanism by which ELS can

have long lasting effects on excitatory and inhibitory amino acid neurotransmission. Given

the ubiquitous distribution of GABA and glutamate systems across the brain, the ability of

ELS to epigenetically modulate their development and function has profound and long

reaching implications for resultant adult phenotypes.

Epigenetic machinery

ELS can also alter the expression of epigenetic machinery. For example ELS was shown to

decrease mRNA levels for multiple HDACs in the cortex in a strain-dependent manner

(Levine et al., 2012). This decrease in HDAC expression was accompanied by increased

acetylation of H4, and altered emotional phenotypes and responsivity to an antidepressant.

Other labs have also demonstrated a relationship between ELS and HDAC expression

(Tesone-Coelho et al., 2013). Additionally, ELS decreased nucleus accumbens DNMT

expression rates, which were associated with hyper-methylation of neuronal plasticity genes

(Anier et al., 2013). It is thus apparent that ELS modulates the epigenome by numerous

mechanisms. These alterations can persist into adulthood and regulate gene expression via

bi-directional changes in histone acetylation, DNA methylation, and gene expression in both

promoter and non-promoter regions (McGowan et al., 2011).

Thus far, we have discussed the current literature investigating the long term epigenetically

mediated consequences of ELS exposure. These early experience-driven epigenetic markers

have the capacity to modulate neuronal gene transcription. Consequent changes in gene

expression have been demonstrated to functionally alter multiple neuroendocrine and

neurotransmitter systems. In turn, these alterations influence and affect behavior, future

responses to various environments, and vulnerability towards various psychiatric illnesses.

Although this intriguing body of literature supports the notion that epigenetic modifications

encode ELS into the epigenome, it is certain that the story is much more complex. The

diversity in biologically inherited alleles, post-early life environment, and multiple other

factors not yet fully understood, are all integral players in the conglomerate human psyche

(Klengel et al., 2014). Below, we will briefly discuss some other areas in which the role of

environment and epigenetic interactions are becoming apparent in shaping individual
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differences in development. This is by no means a comprehensive list: there are many other

relevant researcg areas, such as nutrition, aging, environmental toxins, and memory, which

are beyond the scope of the current review (for reviews on these topics, see Huidobro et al.,

2013; Landry et al., 2013; Wang et al., 2012).

Prenatal stress

An emerging body of literature demonstrates that in utero exposure to stress may influence

the epigenome of the fetus. One study investigated the HPA stress response and DNA

methylation status of the Nr3c1 gene in human infants whose mother was depressed only

during the third trimester, and found methylation levels to be positively correlated with

maternal depression and predicted higher HPA stress response at 3 months of age

(Oberlander et al., 08). Many other reports have echoed the notion that maternal stress

during pregnancy influences the methylation status of the GR gene in offspring (Hompes et

al., 2013; Mulligan et al., 2012; Radtke et al., 2011). (For a more in depth summary of the

literature relating to this topic please see: Hao & Metz, 2013; Lutz & Turecki, 2013).

Transgenerational epigenetics

The field of ‘transgenerational epigenetic inheritance’ can be misleading due to

interchangeable use of the term ‘transgenerational’ for two different empirical questions.

The first of these investigates the epigenetic inheritance via early behavioral/social

interactions with maternal care that in turn regulate the female offspring’s style of maternal

care. Cross-fostering studies demonstrate that these effects are completely independent of

the germ line, and thus are not permanent and need to be reinstated through maternal

interaction with each subsequent generation (Bohacek et al., 2013). This field is easily

observed in animal models and is an established and accepted epigenetic phenomenon. The

second field investigating the heritability of epigenetic markers within the parental germ

cells, however, has unique challenges. Traditionally, it has been thought that epigenetic

markers are reset or erased during gametogenesis, but recent evidence has elucidated

multiple mechanisms in which epigenetic markers may be conserved in the embryo

(Bohacek et al., 2013). Isolating germ line inheritance is still challenging as it is difficult to

parse out the in utero environment from its influences on the epigenome of the fetus. The

idea that experiences may change epigenetic markers in germ cells, and thus the epigenetic

makeup that is passed on to future generations, is nothing short of ground-breaking.

Research in this field is very new and only starting to uncover the possibilities.

While the second form of transgenerational research is still scarce, it is a growing field. An

experiment of note from Vassoler et al. (2013) demonstrated that voluntary cocaine

administration of male rats increased histone H3 acetylation with Bdnf promoter in their

sperm. Offspring of these sires had an increase of cortical BDNF expression and a cocaine-

resistant phenotype. Additionally, ELS has also been shown to modulate the promoter

methylation status of several genes investigated in the germline of males (Franklin et al.,

2010).)For a review of the current literature and further discussion of this area please see:

Bohacek et al., 2013; Ho & Burggren, 2010; Kovalchuk, 2012; Saab & Mansuy, 2014).
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Adult stress

Although epigenetic influences on neuronal plasticity are highest early in development,

stress during adulthood also influences the epigenome and subsequent gene expression

(Witzmann et al., 2012). Klengel et al. (2014) provides an impressive summary of research

that relates DNA methylation status of target genes with psychiatric disorders. The

adaptations of the adult epigenome in response to stress is stressor-, duration-, and tissue-

specific. For example, Hunter et al. (2009) found regionally specific alterations in histone

H3 methylation following 1, 7, and 21 days of restraint stress in male rats. Additionally,

chronic but not acute social defeat stress down regulates HDAC expression in the nucleus

accumbens of male rats (Renthal et al., 2007). This work brings to mind the difficulties in

predicting the development of psychiatric illnesses at an individual level. The epigenome

exists in a state dependent on the history of the organism while in constant flux in response

to new experiences. It is therefore no wonder that the depth and mystery of the human brain

and psyche have evaded medical understanding for so long!

Central and peripheral cells

Thus far, we have discussed data from animal and human studies in which the epigenetic

landscape of neuronal tissue is directly evaluated We have also discussed studies in which

the epigenome of peripheral cells was investigated (mostly blood cells). The unknown

relationship between tissue- and cell-specific epigenetic markers is a concern that needs

further investigation. Although animal studies are invaluable to our scientific understanding

of neuroepigenetic processes, the development of non-invasive techniques to study the

human epigenome pre-mortem is essential. In order to do so, the relationship between

central and peripheral epigenetic landscapes must be more firmly established. Liberman et

al. (2012) recently tackled this issue by comparing methylation of the Nr3c1 gene between

hippocampal and fecal cells in mice. They found maternal care to correspond with

methylation status in hippocampal cells but not fecal cells. Another group investigated ELS

in male non-human primates and found that epigenetic markers of cortical cells and T-

lymphocytes had a small amount of overlap (Provençal et al., 2012). Furthermore, conserved

epigenetic markers across tissue may not have identical functional implications for

transcription regulation (Fan & Zhang, 2009). These are just a few of the many immense

difficulties surrounding the task of developing techniques and understanding the relationship

between the epigenome of central and peripheral cells.

Drugs of abuse

Chronic drug use leads to specific alterations in gene expression across many cell types and

brain regions (Robison & Nestler, 2011). These changes in gene expression are thought to

drive the changes in brain structure, neuronal function, impaired cognition, and maladaptive

behavioral characteristics of addictive disorders. Many laboratories, including those of

Nestler and colleagues, have established epigenetic links between drug exposure and

subsequent changes in immediate early gene expression (Bibb et al., 2001; Cassel et al.,

2006; Kumar et al., 2005; LaPlant & Nestler, 2011; Maze & Nestler, 2011; Renthal &

Nestler, 2009; Renthal et al., 2009). Drug-induced epigenetic alterations may be crucial to
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the process by which a casual intermittent drug use transitions to compulsive habitual drug

use in addiction (Nielsen et al., 2012; Schmidt et al., 2013; Taylor et al., 2013). Also, the

epigenetic landscape prior to drug exposure may play a role in addiction vulnerability (Deng

et al., 2010; Im et al., 2010; Tesone-Coelho et al., 2013). There is thus an interesting and

circular relationship, in which the epigenome prior to drug use may predispose the

individual to higher addiction vulnerability or resiliency, and the epigenetic response to

drugs of abuse further modulates risk and progression towards addiction. Interestingly,

despite the established link between ELS and addictive disorders, investigation of ELS-

induced epigenetic alterations that predispose an individual to a high risk for addiction is

still very much in its infancy (Anier et al., 2013; Lewis et al., 2013; Romano-López et al.,

2012; Tesone-Coelho et al., 2013).

Epigenetically based treatments

Pharmacological manipulation of the epigenome has been used in many of the

aforementioned studies. Multiple mechanisms for pharmacological modulation exist,

including DMT inhibitors, DNMT modulators, HDAC inhibitors, and histone

methyltransferases inhibitors (Szyf, 2009). Many of these pharmacological ligands for

regulating epigenetic processes are in development for the treatment of cancer: for example,

vorinostat and romidepsin are HDAC inhibitors that are used for the treatment of lymphoma.

In addition, various drugs currently or previously used to treat psychiatric illnesses are now

known to be epigenetic modulators. For example, the mood stabilizer valproic acid, which

affects GABAergic transmission as well as voltage-gated sodium and calcium channels, is

an HDAC1 inhibitor (Rosenberg, 2007). Certain monoamine oxidase inhibitors (such as

tranylcypromine) used as antidepressants inhibit histone demethylases (Lee et al., 2006).

The ability to manipulate epigenetic markers pharmacologically opens up the possibility of

therapeutic treatment to reverse the adverse effects of ELS. While animal work demonstrates

that epigenetic pharmacological intervention has the potential to reverse some of the

behavioral effects of ELS (Levine et al. 2012; Weaver et al. 2004, 2005), it is important to

note the numerous challenges that exist for use in humans (Narayan & Dragunow, 2010). At

the moment, epigenetically-based pharmacological treatment options are limited, as they are

not gene-, cell-, or neural-network specific. Although this same non-specificity issue did not

prevent the clinical use of traditional psychoactive drugs, the complexity of the epigenome

and its alteration by psychopharmacological agents should warrant caution. Clearly, the

possible long-term, perhaps transgenerational, effects of altering neuronal gene regulation

via psychotherapeutic interventions necessitate further investigation. Moreover, future work

may establish epigenetic markers as novel biomarkers for predicting and improving various

psychiatric diagnoses (Kolshus et al., 2014; Yehuda et al., 2014). Alternatively, because

epigenetic markers are dynamic and respond to experiences, it stands to reason that

environmental and behavioral therapies may be developed into epigenetically driven

treatment options. For example, both environmental enrichment and chronic mild stress

were shown to epigenetically modulate the Crhr1 gene in male rodents genetically

predisposed to high or low anxiety (Sotnikov et al., 2014). These data shed light on the

possibility of patient-designed therapies in which the genetic predisposition, early life

experiences, personality traits, and epigenetic interactions are all considered (LeeRaby &
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Roisman, 2014). The implications of behavioral intervention epigenetically reprograming

neurosystems are nothing short of extraordinary. If ELS epigenetic markers can be reversed

through treatment options such as behavioral therapy, mindfulness practices, exercise, or

other positive experiences the difficulties of pharmacological intervention may be avoided.

Furthermore, this possibility deserves to be noted as a likely paradigm shift in all fields of

psychology and psychiatry.

Conclusions

Traditional Waddington epigenetics that was originally developed in the context of

developmental biology has now expanded into the new field of neuroepigenetics. It is

apparent that the epigenome serves a much broader purpose beyond cell fate determination

and propagation. The emerging field of neuroepigenetics departs from the notion that DNA

methylation or histone modification are static, and embraces the concept that these

phenomena are rapidly dynamic in response to constantly changing external influences. The

extraordinary concept of an ever-changing and adaptive epigenome that influences an

organism’s behavior and phenotype is now clear. The implications, for various fields from

genetics to psychology, of a neuroepigenome that is in constant flux and influenced by

events prior to conception, highly pliable during development, constantly changing through

the lifespan, and intimately adaptive to a legion of experiences, are nothing short of

extraordinary. Lifelong adaptive responses to the environment in the form of a complex

interplay between various modes of epigenetic regulation will undoubtedly be a fascinating

new frontier in the understanding of human behavior.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic representation of nucleosomes and DNA methylation.
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